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Background: The LHCb Collaboration has studied a number of kinematic correlations between
B-hadron pairs through their subsequent decays to J/ψ pairs at 7 and 8 TeV for four minimum
values of the J/ψ pT . Purpose: In this work, these measurements are compared to calculations of bb
pairs and their hadronization and inclusive decays to J/ψJ/ψ are compared to the same observables.
Potential cold matter effects on the bb pair observables are discussed to determine which are most
likely to provide insights about the system and why. Methods: The calculations, employing the
exclusive HVQMNR code, assume the same intrinsic kT -broadening and fragmentation as in Ref. [1].
The pair distributions presented by LHCb are calculated in this approach, both for the parent bb
and the J/ψJ/ψ pairs produced in their decay. The sensitivity of the results to the intrinsic kT
broadening is shown. The theoretical uncertainties due to the b quark mass and scale variations
on both the initial bb pairs and the resulting J/ψ pairs are also shown. Possible effects due to the
presence of the nucleus are studied by increasing the size of the kT broadening and modification
of the fragmentation parameter. Results: Good agreement with the LHCb data is found for all
observables. The parent bb distributions are more sensitive to the kT broadening than are the
final-state J/ψ pairs. Conclusions: Next-to-leading order calculations with kT broadening, as in
Ref. [1], can describe all correlated observables. Multiple measurements of correlated observables
are sensitive to different nuclear effects which can help distinguish between them.
I. INTRODUCTION
Heavy flavor pair production has long been of inter-
est in elementary p + p and p + p collisions as a way
to test perturbative QCD. Measurements of heavy flavor
correlations provide information about how heavy quark
pairs are produced in perturbative QCD, indeed much
more information that can be gained from single inclu-
sive heavy flavor production alone. In the case of bb pro-
duction, measurements of pair observables can improve
measurements of B0−B0 mixing [2]. Finally, a good un-
derstanding of multiple correlated observables provides a
better baseline for their production and modification in
heavy-ion collisions.
Correlated bb studies have been carried out at hadron
colliders. The first measurements were in p + p colli-
sions and carried out at the CERN SppS, UA1 (
√
s =
0.63 TeV) [2] and Fermilab Tevatron, D0 (
√
s = 1.8 TeV)
[3], and CDF (
√
s = 1.8 TeV [4] and
√
s = 1.96 TeV [5]).
These measurements were primarily through studies of
lepton pairs. The backgrounds for these measurements
include cc decays, Drell-Yan dileptons and leptons from
light meson decays. The light hadron decay leptons can
be removed by like-sign subtraction. The Drell-Yan rate
is much lower than heavy flavor production because it is
an electroweak process. In addition, if relatively high pT
leptons are selected, the charm rate will be suppressed.
CDF [4] and, more recently, at the LHC, ATLAS [6] stud-
ied B hadron pair production through J/ψ+lepton final
states in p + p collisions at
√
s = 1.8 TeV and p + p
collisions at
√
s = 8 TeV respectively.
More recent measurements of heavy flavor contribu-
tions to low mass dilepton production in p+ p collisions
have been reported by PHENIX at the BNL relativis-
tic heavy-ion collider (
√
s = 0.2 TeV) [7] and ALICE at
the LHC (
√
s = 7 TeV [8] and 13 TeV [9]). In these
measurements, the low mass kinematic region of interest
makes the cc contributions larger so that both contribu-
tions have to be taken into account in the analysis.
Previous dilepton analyses [2–4, 6] have generally fo-
cused on tests of NLO calculations, usually in conjunc-
tion with diagrams of different topologies in a leading or-
der event generator such as ISAJET [10], HVQJET [11],
HERWIG [12] or PYTHIA [13]. For example, UA1 com-
pared calculations at next-to-leading order made with the
HVQMNR code [14] to ISAJET as long as its “higher”
order contributions (flavor excitation and gluon splitting)
were included. They tried to separate different topolo-
gies but the results were rather inconclusive due to mo-
mentum requirements and statistics. They did, however,
determine that the NLO contribution was at least 40% of
the measured cross section, depending on the muon pT
[2]. The D0 Collaboration compared their data to calcu-
lations with HVQJET. The showed that their measured
azimuthal separation, |∆φ|, between the decay leptons
was compatible with HVQJET with higher order correc-
tions and not with the leading order contributions alone
[3]. The CDF measurement at
√
s = 1.8 TeV [4] com-
pared their final-state J/ψ+lepton data to HVQMNR
calculations as well as to PYTHIA and HERWIG sim-
ulations. They found that ∼ 25% of the bb produc-
tion as a function of azimuthal separation was found at
|∆φ| < 90◦, suggesting the importance of higher-order
corrections. CDF also studied the dependence of the
|∆φ| distribution to the bottom quark mass, factorization
and renormalization scales, and the intrinsic kT . They
found that mass and scale variations could alter the mag-
nitude of the cross section but not its shape: changing
the shape of the distribution was only possible by mod-
ifying the kT [4]. These findings are in accord with the
2hadron-level studies of bb correlations in Ref. [1]. ATLAS
compared their final-state J/ψ+lepton results with sev-
eral event generators, finding good agreement between
the simulations and the data [6]. The low mass dilep-
ton measurements of PHENIX attempted to separate the
dilepton data into cc and bb components, as well as sepa-
rating the heavy flavor cross sections into their topologi-
cal components, as if they were independent production
mechanisms [7].
Most of the measurements mentioned so far have fo-
cused on the central rapidity region. The LHCb Collab-
oration [15] is the first to study bb correlations through
J/ψJ/ψ final states and at forward rapidity. While such
a measurement is less direct than reconstructed D or
B mesons, as discussed in Ref. [1], along with compar-
ison to DD pairs measured by CDF at
√
s = 1.96 TeV
[16] and LHCb at
√
s = 7 TeV [17] and B hadron-b jet
pairs measusred by CMS at
√
s = 7 TeV [18], it allows
a more straightforward comparison to calculations than
the dilepton decay channel.
In this work, the model of QQ production developed
in Ref. [1], with modified Peterson function parameters
and kT broadening, is employed to study bb → J/ψJ/ψ
pair production. The measurement is discussed in more
detail in Sec. II. In Sec. III, the model employed for bb
production is briefly discussed. The pair observables are
calculated both for the initial bb production and the fi-
nal J/ψJ/ψ pairs, assuming the same minimum pT for
both the parent B meson and the decay J/ψ in Sec. IV.
The results are compared and contrasted for the LHCb
observables as well as their dependence on the chosen ex-
perimental pT cut. Section V shows how neglecting kT
broadening affects the calculated observables. The mass
and scale dependence of the results and how they change
with pT cut is discussed in Sec. VI. Section VII describes
possible nuclear effects on the correlations. The work is
then summarized in Section VIII.
II. LHCB MEASUREMENT OF bb→ J/ψJ/ψX
LHCb reconstructed two J/ψs from their decays to
dimuons in the forward rapidity region, 2 < y < 4.5.
The two J/ψs must be associated with the same primary
vertex to ensure that they came from the same collision.
The J/ψs were also required to be displaced from their
primary vertex to be b decay candidates. This require-
ment essentially eliminated prompt J/ψs from different
collisions as well as events with two prompt J/ψs and
associated J/ψ and b quark production.
They chose different minimum J/ψ transverse mo-
menta, pT , to study the effect of an increasing minimum
pT on the pair correlations. The data from proton-proton
collisions at
√
s = 7 and 8 TeV were combined for greater
statistics. Because the shapes of the distributions at this
energy are independent of
√
s even if the production cross
sections differ, the results were presented as (1/σ)dσ/dX
where X refers to the pair observable. This way of dis-
playing the data makes it easier to compare the shapes
of the distributions with different minimum pT .
LHCb presented results for six pair observables, |∆φ∗|,
the difference in azimuthal angle between the b and b
mesons; |∆η∗|, the difference in pseudorapidity between
the b and b mesons; AT , the asymmetry between the
transverse momenta of the J/ψs; and the mass,M , trans-
verse momentum, pTp , and rapidity, yp of the J/ψ pair.
The first two observables, |∆φ∗| and |∆η∗|, were assumed
to be directly related to the parent b mesons because
φ∗ and η∗ were estimated from the direction of the vec-
tor from the primary vertex to the J/ψ decay vertex
[15]. They also included, in an appendix, the distribu-
tions |∆φ|, |∆η|, and |∆y|,the differences in azimuthal
angle, pseudorapidity, and rapidity respectively between
the J/ψ mesons themselves. In this work, |∆y| is pre-
sented rather than |∆η| for the parent bb. All the pair
observables studied by LHCb will be calculated for both
the parent bbmesons and the subsequent J/ψJ/ψ decays.
In Ref. [15], the LHCb Collaboration compared their
data to PYTHIA [19, 20] and POWHEG [21] calcula-
tions as well as simulations of uncorrelated bb production
[22, 23] based on the transverse momentum and rapidity
distributions for single b → J/ψX decays measured by
LHCb. They noted that the pair distributions generated
by both PYTHIA6 [19] and PYTHIA8 [20] were identi-
cal and thus the results from the two simulations were
combined in their comparison to the data.
As in a number of the previous bb measurements ana-
lyzed via dilepton decays [2–4], LHCb looked for evidence
of different topological contributions to heavy flavor pro-
duction in their data: gluon splitting, flavor excitation
and flavor creation.
As discussed in detail in Ref. [1], these artificial desig-
nations are not indicative of different production mech-
anisms but of distinct diagram topologies at leading or-
der (flavor creation) and next-lo-leading order (including
gluon splitting and flavor excitation). No new produc-
tion mechanism is involved because most of the bb pair
production at collider energies is through the gg initial
state which includes all of the aforementioned processes.
The distinction was artificially introduced in PYTHIA
to separate the true LO diagrams with a QQ pair in the
final state from LO diagrams with either one (flavor ex-
citation) or no (gluon splitting) heavy quarks in the final
state. (This separation is necessary because PYTHIA
includes only LO diagrams.) Moreover, by treating the
different contributions to gg → QQX production as indi-
vidual components, not all NLO production diagrams are
actually included (such as virtual corrections) and the in-
terferences between diagrams are not accounted for. For
more discussion, see Ref. [1].
POWHEG, a NLO generator using PYTHIA for
hadronization and decay [21], does not separate these
topologies in the same way that PYTHIA does, all di-
agrams, with their interference terms, are included. In
Ref. [15], they conclude that, because POWHEG and
PYTHIA both describe the data, NLO effects on bb
3duction are small. They also note that, aside from the
|∆φ∗| distributions, the data are consistent with uncorre-
lated bb production. They reach this conclusion by sug-
gesting that gluon splitting is a small contribution to bb
production. However, it is not feasible to separate this
diagram from all other NLO contributions because it in-
terferes with the amplitiudes of other gg diagrams.
The conclusion the NLO contributions to bb produc-
tion are small, reached by the LHCb Collaboration in
Ref. [15], can be tested by comparing an NLO calculation
of both the bb and J/ψJ/ψ final states. This comparison,
in Sec. IV, is at the center of this work.
III. MODEL DESCRIPTION
The calculations here follow those outlined in Ref. [1].
The HVQMNR code [14], used here, was designed to
calculate QQ pair production at NLO. As discussed in
Ref. [1], the bottom quark mass, mb, factorization scale,
µF , and renormalization scale µR and their uncertain-
ties were set by comparison to the bb total cross section
data with mb = 4.65± 0.09 GeV, µF /m = 1.40+0.77−0.49, and
µR/m = 1.10
+0.22
−0.20.
Hadronization was accomplished through the use of
the Peterson fragmentation function and kT broadening.
The value of ǫP , the Peterson function parameter, was set
by comparison to the FONLL B meson pT distribution
in Ref. [1] while 〈k2T 〉, the average broadening, was fixed
previously by comparing the measured Υ pT distributions
to calculations of Υ production in the color evaporation
model. Here, for bb production,
ǫp = 0.0004 , (1)
〈k2T 〉 = 1 +
∆
3
ln
( √
s
20GeV
)
GeV2 , (2)
where the parameter ∆ was introduced to study the sen-
sitivity of the azimuthal correlations to the amount of
broadening. The value ∆ = 1 is the default value [1],
resulting in 〈k2T 〉 ∼ 3 GeV2 for
√
s = 7 TeV.
Note that it is necessary to use a code such as the ex-
clusive HVQMNR calculation because the QQ pair quan-
tities are calculable in such an approach while only sin-
gle inclusive quark distributions are available with the
FONLL [24] and generalized mass - variable flavor num-
ber approaches [25, 26]. For further details on the deter-
mination of ǫP and the sensitivity of the QQ results to
the magnitude of 〈k2T 〉, see Ref. [1].
Although LHCb suggested in Ref. [15] that the sim-
ilarity of the PYTHIA and POWHEG simulations are
indicative of a small NLO contribution, it is important
to recall that gluon splitting is an explicit contribution
to gg → QQX at O(α3s) and thus a real NLO contribu-
tion, as is flavor excitation. As previously discussed, it is
not feasible separate out individual diagrams since such a
procedure no longer allows for interferences between dia-
grams. The LO contributions, flavor creation, gg → QQ
and qq → QQ, only produces back-to-back QQ pairs, a
delta function at |∆φ∗| = π without including broaden-
ing. The NLO contributions, modeled in PYTHIA by fla-
vor excitation and gluon splitting and summed together
with flavor creation contributions at O(α2s), without in-
cluding interference terms, lead to reduction and broad-
ening of the peak in |∆φ| at |∆φ| = π with a finite tail
as |∆φ| → 0. The introduction of kT broadening softens
and widens the peak but does not produce a significant
enhancement at |∆φ| → 0 as it does for charm pairs at
similar values of pT because 〈k2T 〉 < m2b while, for charm,
〈k2T 〉 ∼ m2c [1].
Observables related to the rapidity, either the rapid-
ity difference or the pair rapidity, should be independent
of the broadening. However, the other pair observables
studied by LHCb should be affected by broadening, at
least for the parent b quarks. Thus the calculations here
with compare results with and without kT broadening on
both the initial bb pairs and the final state J/ψJ/ψ pairs.
IV. COMPARISON TO THE LHCB DATA
In this section, the pair quantities, |∆φ|, |∆y|, yp, AT ,
pTp and M are calculated and compared to the LHCb
data. The bb pair distribution include both fragmenta-
tion and kT broadening as described briefly in the pre-
vious section. The J/ψJ/ψ pair distributions are calcu-
lated with the B → J/ψX decay with a 1.094% branch-
ing ratio [27].
All results are shown for the minimum pT cuts of 2, 3,
5 and 7 GeV on the J/ψ and the parent B meson. Note
that the J/ψs from B decay would, of course, generally
arise from parent B mesons with pT larger than those of
the final-state J/ψ.
The LHCb data are also shown for comparison on each
plot. All quantities are divided by the total cross sec-
tion, (1/σ)(dσ/dX) ≡ d lnσ/dX where X denotes the
observables on the y-axes of the plots, so that the 7
and 8 TeV LHCb measurements can be combined for im-
proved statistics. Note that even though the LHCb data
shown here are from the
√
s = 7 and 8 TeV runs com-
bined, the ∼ 15% difference in √s between the two data
sets gives only a 1-2% change in 〈k2T 〉 based on Eq. (2).
Given the small change in 〈k2T 〉 for p+p collisions and the
uniform shapes of d lnσ/dX , the calculations compared
to the data in this section are all done for
√
s = 7 TeV.
Note that, in the calculations, the J/ψs from B decays
have lower statistics than the parentB mesons, especially
as the minimum pT increases. Thus red histograms are
generally used to represent the J/ψ pair quantities while
blue curves are used for the bb pair dsitributions. The
LHCb results for J/ψ pairs are rendered as red points
while the reported bb quantities are given as black points.
4A. |∆φ| and |∆φ∗|
LHCb presented |∆φ| distributions for both the initial
B meson pair, reported as bb in Fig. 1 and in all the fig-
ures in this section, and the J/ψ pairs. Recall that LHCb
estimated the azimuthal angle of each B meson from the
direction of the vector from the primary vertex to the J/ψ
decay vertex. They also determined the azimuthal angles
for the J/ψs individually. As shown in Fig. 1, the |∆φ∗|
and |∆φ| distributions for bb and J/ψJ/ψ respectively
are compatible with each other within the uncertainties.
The bb |∆φ∗| distribution has a peak slightly below
∆φ ∼ π with a flatter distribution as ∆φ → 0 relative
to that of the J/ψ pair. As the minimum pT grows,
the peak near back-to-back (∆φ∗ ∼ π) grows higher and
becomes narrower for the bb pairs. Likewise, the distri-
bution at ∆φ∗ ∼ 0 starts to increase from approximately
flat at low ∆φ∗ to a slight enhancement that becomes
more pronounced with increasing minimum pT . This is
because that, as the minimum pT grows from 2 to 7 GeV,
the relation between 〈k2T 〉1/2 and mT =
√
p2T +m
2
b goes
from mT /〈k2T 〉1/2 ∼ 3 to mT /〈k2T 〉1/2 ∼ 4.9. The larger
mT allows the development of a double-peaked ∆φ
∗ dis-
tribution, more closely connected to diagrams with a high
pT bb pair balanced against a hard parton in the opposite
direction, such as ‘gluon splitting’.
This trend in the increase of (π/σ)dσ/d|∆φ| can espe-
cially be seen for the lighter mass J/ψ decay products.
In this case, because mJ/ψ/mb ∼ 2/3 and the minimum
J/ψ pT is generally smaller than that of the parent B
meson and the kT kick is applied to the parent meson,
not the J/ψ decay product, the enhancement seen in the
bb distributions sets in at lower pT for J/ψ pairs and
is correspondingly larger. Here mTψ =
√
p2T +m
2
ψ so
that mTψ/〈k2T 〉1/2 ∼ 2.1 to mTψ/〈k2T 〉1/2 ∼ 4.4, assum-
ing p
J/ψ
T ≡ pBT . Because the kT kick is on the bottom
quarks as they hadronize rather than on the J/ψ itself,
the pT selected is larger relative to the primary B hadron
so that the enhancement grows faster with minimum pT
for J/ψ pairs, as shown in Fig. 1. If a higher minimum
pT were chosen for B mesons, to more closely match the
average pT of the B meson producing the minimum J/ψ
pT , the enhancement at |∆φ| → 0 would grow larger,
closer to matching the peak at |∆φ| ∼ π, as shown for cc
correlations with pT > 10 GeV in Ref. [1].
B. |∆y| and yp
The difference in rapidity, ∆y, (or, in the case of the
LHCb measurement, ∆η, was determined both for the
initial bb pairs and the final-state J/ψ pairs. The pair ra-
pidity, yp, was only determined for the J/ψ pairs. Given
the acceptance of the LHCb spectrometer of 2 < y < 4.5,
the limits on ∆y is constrained to be in the range 0 <
∆y < 2.5 while the pair rapidity reported by LHCb lies
in the range 2 < yp < 4.5.
FIG. 1: (Color online) The azimuthal angle difference between
the b and b (blue line) and the J/ψ’s resulting from the bottom
quark decays (red) are shown compared to the LHCb data [15]
for the pT cuts on the b quarks and the J/ψ of 2 (a), 3 (b), 5
(c) and 7 GeV (d).
As is evident from Fig. 2, the |∆y| distribution for bb
and J/ψJ/ψ are in good agreement. The decrease from
a peak at |∆y| = 0 to 0 at |∆y| = 2.5. The shape of both
distributions is more concave than linear but is approxi-
mately identical for bb and J/ψJ/ψ. The behavior is also
relatively independent of the minimum pT . In the case
of the bb pairs, the average |∆y| decreases from 0.75 for
pT > 2 GeV to 0.73 for pT > 7 GeV, only a 2% difference.
On the other hand, the average values of |∆y| for the J/ψ
pairs decreases from 0.74 to 0.69 as the minimum pT in-
creases from 2 to 7 GeV. At the highest minimum pT ,
the average |∆y| is reduced by 5% for J/ψ pairs relative
to bb pairs. The differences, while not significant, are not
zero.
The pair rapidity distributions, shown in Fig. 3, ex-
hibit a similarly small decrease in the average yp with
increasing minimum pT , a 2% decrease in the average for
bb pairs between pT > 2 and > 7 GeV, from 3.07 to 3.00
respectively. There is a 5% decrease in average yp for
the J/ψ pairs, from 3.07 with pT > 2 GeV to 2.93 with
pT > 7 GeV. This small difference on average is sufficient
for a small backward shift between the bb and J/ψJ/ψ
curves for pT > 7 GeV, especially given the average pT
for the parent B mesons of J/ψs with the same minimum
pT .
5FIG. 2: (Color online) The rapidity difference |∆y| between
the b and b (blue line) and the J/ψ’s resulting from the bottom
quark decays (red) are shown compared to the LHCb data [15]
for the pT cuts on the b quarks and the J/ψ of 2 (a), 3 (b), 5
(c) and 7 GeV (d).
FIG. 3: (Color online) The pair rapidity of the b and b (blue
line) and the J/ψ’s resulting from the bottom quark decays
(red) are shown compared to the LHCb data [15] for the pT
cuts on the b quarks and the J/ψ of 2 (a), 3 (b), 5 (c) and
7 GeV (d).
C. AT
The pT asymmetry, AT = |(pT1 − pT2)/(pT1 + pT2)|,
shown in Fig. 4, would be zero for bb pairs produced in
a back-to-back configuration at leading order. At NLO,
the pairs are no longer back-to-back and d lnσ/dAT de-
creases with increasing AT . The AT distribution for the
J/ψ pairs is maximal at AT = 0, in accord with the
maximum |∆φ| ∼ π. This same relation also results in
a steeper AT distribution for higher minimum pT . The
distribution goes to zero at AT = 1 if the pT of one of
the b quarks or J/ψ mesons is very soft or the final states
are in alignment.
On the other hand, the bb distributions peak away from
AT = 0 due to the inclusion of kT broadening. The peak
of the AT distribution is at AT ∼ 0.25 for pT > 2 GeV.
As the minimum pT is increased, the distribution for bb
pairs becomes narrower with a higher peak, akin to the
|∆φ∗| distributions shown in Fig. 1. The average value
of AT decreases from 0.025 at pT > 2 GeV to 0.17 at
pT > 7 GeV.
As previously mentioned, the J/ψ pair AT distribution
is maximum at AT = 0 instead of a finite AT , as for bb.
For lower minimum pT , the distribution is narrower for
the J/ψJ/ψ, with an average of AT ∼ 0.21 for pT >
2 GeV. By the highest minimum pT , pT > 7 GeV, the
average is approximately the same for both, AT ∼ 0.16
for J/ψJ/ψ.
The trends for the calculated J/ψ pairs are in very
good agreement with the data for all values of minimum
pT studied. Note also that, above AT ∼ 0.4, the calcu-
lated bb and J/ψJ/ψ distributions are in agreement.
D. pTp and M
The last two pair observables measured by LHCb were
the pair transverse momentum, pTp , and pair mass, M ,
distributions, shown in Figs. 5 and 6 respectively.
The pT of the pair, shown on a linear scale in Fig. 5,
peaks at low pTp for both the bb and J/ψJ/ψ pairs. For
the lowest minimum single meson pT , while the peaks
of the two calculated distributions are of similar magni-
tude, the J/ψ pair peak is shifted backward by about
1.7 GeV relative to the bb, as is evident in Fig. 5(a). At
pT > 3 GeV, while the average pTp is still about 1.3 GeV
smaller for the J/ψ pairs, most of the difference is at
pTp < 5 GeV. Above this value, the distribution is signif-
icantly broader than for pT > 3 GeV.
As the minimum pT is increased, the average values of
pTp for the initial bb and the final J/ψJ/ψ become more
similar. In addition, a feature develops at high pTp , a
shoulder in the distribution that appears at effectively
twice the minimum pT , independent of whether the cal-
culation is for the initial bb pairs or the decay J/ψ pairs
although the statistics at high pair pT is significantly de-
graded for pT > 7 GeV. The rise of this shoulder appears
to correspond to the rise of the peak at |∆φ| = 0 in
6FIG. 4: (Color online) The pT asymmetry between the b and
b (blue line) and the J/ψ’s resulting from the bottom quark
decays (red) are shown compared to the LHCb data [15] for
the pT cuts on the b quarks and the J/ψ of 2 (a), 3 (b), 5 (c)
and 7 GeV (d).
Fig. 1 wheree the bb and J/ψ pairs are aligned. In all
cases, however, the calculated J/ψJ/ψ pair distributions
agree quite well with the LHCb data.
A similar trend seen for the pair mass distributions in
Fig. 6. The minimum bb pair mass is 2mb = 9.3 GeV
for mb = 4.65 GeV. Assuming that the pT of both of
the individual mesons are equal, the square of the pair
mass can be written as M2 = 2m2T (1 + cosh(∆y)). Thus
as the minimum single meson pT increases, mT also in-
creases and the average pair mass moves to higher M .
This estimate is accurate for 2 → 2 processes but is an
underestimate for the 2 → 3 diagrams that dominate
NLO bb production. Nonetheless, one can see a clear
trend that the bb peak shifts to higher mass with an in-
crease in minimum pT , with a residual enhancement at
2mb for the highest minimum pT .
When J/ψ pairs from b decays are considered, the pair
mass does not have a specific threshold any longer. As
shown for M > 2mb, the J/ψ pair mass is steeply de-
creasing for pT > 2 and 3 GeV while for pT > 5 and
7 GeV, a peak at higher M also develops. The aver-
age mass of the J/ψ pairs for the higher minimum pT
is shifted backward by several GeV: compare the blue
curves and the red histograms in Fig. 6(c) and (d). The
calculations of the J/ψ pairs follow the LHCb data very
closely.
In general, the calculations presented here are in very
good agreement for the pair observables obtained by
LHCb for all values of the minimum pT chosen.
FIG. 5: (Color online) The transverse momentum of the b and
b (blue line) and the J/ψ’s resulting from the bottom quark
decays (red) are shown compared to the LHCb data [15] for
the pT cuts on the b quarks and the J/ψ of 2 (a), 3 (b), 5 (c)
and 7 GeV (d).
FIG. 6: (Color online) The pair mass of the b and b (blue line)
and the J/ψ’s resulting from the bottom quark decays (red)
are shown compared to the LHCb data [15] for the pT cuts
on the b quarks and the J/ψ of 2 (a), 3 (b), 5 (c) and 7 GeV
(d).
7V. SENSITIVITY OF dσ/dφ TO 〈k2T 〉
In this section, the sensitivity of observables to the
presence of an intrinsic 〈k2T 〉 is explored. While in Ref. [1],
the sensitivity was studied by gradually dialing up 〈k2T 〉
to its default value, here only the results with 〈k2T 〉 = 0
and the default 3 GeV2 (at
√
s = 7 TeV are compared.
The comparison is made for both the bb pairs and the
final J/ψJ/ψ.
Because |∆y| and yp are independent of 〈k2T 〉, the com-
parison is only shown for |∆φ|, M , pTp and AT in Fig. 7.
The left-hand side of the figure shows the results for
pT > 2 GeV while calculations for pT > 7 GeV are shown
on the right-hand side. The behavior of calculations with
pT > 3 and 5 GeV follow similar trends. All results with
〈k2T 〉 = 0 are given in black, curves for bb and histograms
for J/ψJ/ψ.
It is clear that the bb distributions are most affected by
the presence of broadening. The peaks at ∆φ∗| ∼ π, low
pTp and low AT are enhanced. They are not delta func-
tions without broadening but have finite tails indicative
of a NLO process. There is no significant change in the
pair mass distributions, independent of minimum pT .
On the other hand, the J/ψ pair distributions are
largely unaffected by kT broadening even though the par-
ent b meson pairs show significant dependence on the
presence of kT broadening. This is because the decay
randomizes the direction of the J/ψ relative to the b me-
son parent. Thus it is not possible to learn much about
broadening in the initial state by studying the final-state
decay products. It would be better to look at the B
meson pair correlations themselves than studying pair
observables through the J/ψ decay products.
VI. THEORETICAL UNCERTAINTIES
Finally, the mass and scale uncertainties on the bb
and their translation to the J/ψ pair decay products are
discussed here. The results for all pair observables are
shown for the lowest and highest minimum pT values,
pT > 2 GeV in Fig. 8 and pT > 7 GeV in Fig. 9.
The mass and scale uncertainties are calculated based
on results using the one standard deviation uncertainties
on the quark mass and scale parameters. If the cen-
tral, upper and lower limits of µR,F /m are denoted as
C, H , and L respectively, then the seven sets used to
determine the scale uncertainty are {(µF /m, µF /m)} =
{(C,C), (H,H), (L,L), (C,L), (L,C), (C,H), (H,C)}.
The uncertainty band can be obtained for the best fit sets
[28, 29] by adding the uncertainties from the mass and
scale variations in quadrature. The envelope contained
by the resulting curves,
dσmax
dX
=
dσcent
dX
(3)
+
√(
dσµ,max
dX
− dσcent
dX
)2
+
(
dσm,max
dX
− dσcent
dX
)2
,
dσmin
dX
=
dσcent
dX
(4)
−
√(
dσµ,min
dX
− dσcent
dX
)2
+
(
dσm,min
dX
− dσcent
dX
)2
,
defines the uncertainty on the cross section. HereX is the
individual pair observable for a given minimum pT . In
the calculation labeled “cent”, the central values ofm, µF
and µR are used while in the calculations with subscript
µ, the mass is fixed to the central value while the scales
are varied and in the calculations with subscript m, the
mass is varied while the scales are held fixed. The central
values of the bottom quark mass, µF /m and µR/m, as
well as their uncertainties, can be found in Sec. III.
The mass and scale variations do not significantly
change the shapes of the distributions relative to the
shape of the central value. In addition, changing the
minimum pT of the integral does not lead to an increase
in the widths of the bands. The size of the theoretical
uncertainty does not change significantly for the decays
to J/ψ pairs relative to the parent b and b mesons.
VII. COLD NUCLEAR MATTER EFFECTS
In Ref. [1], the effects of shadowing and enhanced kT
broadening on cc production in cold nuclear matter, with
the focus on 5.02 TeV p+Pb collisions, was studied. As
discussed there, it has been suggested [31–34] that energy
loss by heavy quarks in heavy-ion collisions could change
the azimuthal correlations.
However, it must first be ascertained how the heavy
flavor pair distributions are influenced by the presence of
cold nuclear matter. For example, additional kT broad-
ening may be present with a nuclear target due to mul-
tiple scattering with nucleons along the path of the ini-
tial proton (or nucleus). The strength of the effect de-
pends on the impact parameter of the collision. Energy
loss in matter, on the other hand, may result in a shift
of the transverse momentum of the heavy quark, akin
to a change in the fragmentation function. These ef-
fects would be in addition to the modification of the par-
ton densities in the nucleus, referred to as shadowing or
nPDF effects, calculated assuming collinear factorization.
Here the focus is on the parent bb correlations instead
of their decays to J/ψ which do not convey as clear of
an effect because the decay is isotropic. For illustra-
tive purposes, two particular pair variables are studied
out of the six discussed previously: the pair rapidity
and the azimuthal separation. Several different scenar-
ios are studied: shadowing alone for both p+Pb and
Pb+Pb collisions; enhanced broadening in p+Pb colli-
sions; and enhanced broadening with energy loss, repre-
sented by an increase in the Peterson function parameter,
in Pb+Pb collisions. Shadowing is represented by the
central EPS09 NLO shadowing ratio [35] for each of the
LHCb pT cuts. As noted in Ref. [1] and in Figs. 8 and 9,
8if 〈k2T 〉 is kept fixed, the mass and scale uncertainties do
not substantially change the shapes of the distributions.
The central gluon modification of the latest nPDF set,
EPPS16 [36], is not significantly different from EPS09.
However, EPPS16 has five additional parameters rela-
tive to EPS09, resulting in larger uncertainty bands with
an uncertainty of 25-30% due to shadowing [37]. Al-
though the uncertainty due to shadowing is significant,
it is smaller than the uncertainties due to the heavy quark
mass and scale variations, particularly for charm quarks
[38]. The larger bottom quark mass and comparably
larger scales reduces both the overall uncertainty in the
baseline p + p cross section and the shadowing effect in
p+Pb and Pb+Pb collisions because of the larger par-
ton momentum fraction accessed and the evolution of the
shadowing due to the larger factorization scale. To avoid
overlapping ratios in the following figures and better il-
lustrate the effects, only results with the central nPDF
set is shown.
In Ref. [1], the sensitivity to the magnitude of kT
broadening was studied varing the factor ∆ in Eq. (2)
between 0 and 1. So far, in this work, ∆ = 1 has been
used as a default. Here, to model broadening in medium,
∆ = 2 is used for p+Pb collisions and ∆ = 4 is used
in the Pb+Pb calculations. In addition, energy loss in
Pb+Pb collisions is modeled by changing the Peterson
function parameter, ǫP from the value used in these cal-
culations heretofore, ǫP = 0.0004 [1] to the default value
used previously, ǫP = 0.006 [39]. This change reduces
the average z in the Peterson function from 0.93 to 0.83,
a difference of about 10%. See Ref. [1] for the difference
in ǫP makes in the single B meson pT distribution.
The calculations shown here are done at 8.16 TeV for
p+Pb collisions and 5 TeV for Pb+Pb collisions. The
p + p results used to calculate the nuclear modification
factors, RpPb and RPbPb respectively, are obtained at the
same energies. The same forward rapidity range of the
LHCb acceptance is used in these calculations as well.
(Note that there is a rapidity shift in p+Pb collisions
due to the requirement of equal velocity beams at the
LHC. However, in the scenario considered here, where the
parton momentum fraction, x, probed by the nucleus, is
low, the change in the shadowing ratios is small. If the
beam directions were switched, the momentum fraction
in the nucleus is in the antishadowing region.)
First, the p + p distributions calculated at 5 and
8.16 TeV are checked to see if the shapes of the pair dis-
tributions are modified at different energies. The slopes
remain the same for all pT cuts, even at the lowest en-
ergy and highest minimum pT . Note that this agree-
ment will eventually break down at lower energies, es-
pecially for higher pT , as one reaches the edge of avail-
able phase space, particularly at forward rapidity. Be-
cause the shapes of the distributions remain unchanged
between 5 and 8.16 TeV, these results are not illustrated.
This section is divided into two subsections, describ-
ing the results first for the pair rapidity and then the
azimuthal separation between the heavy mesons. In each
part, the nuclear modifications are shown for p+Pb and
Pb+Pb collisions, both with shadowing alone and then
including enhanced kT broadening, as well as modifica-
tion of the fragmentation function in Pb+Pb collisions.
While it has already been noted that there is no modifi-
cation of the p+p distributions as a function of center of
mass energy, some modification of the distributions can
be observed in p+Pb and Pb+Pb collisions, as will also be
shown. Differences can arise with nuclear beams because
the momentum fraction probed changes with changing√
s. While
√
s changes by only ∼ 40% between 5 and
8.16 TeV, the shadowing effect can be modified, espe-
cially in Pb+Pb collisions where one of the lead nuclei is
probed at relatively high momentum fraction, x ∼ 0.02,
in the forward rapidity region. In addition, the higher
pT cut also probes higher x and larger scales. These ef-
fects are present even before any enhanced broadening is
included.
A. Modifications of yP
The modifications on the pair rapidity are shown in
Fig. 10. In p+Pb collisions at 8.16 TeV, for an average
pair rapidity of 3 in the LHCb acceptance, x ∼ 10−4
for b quark production for the minimum pT of 2 GeV.
The minimum x remains of this order for all values of
the minimum pT . Thus one might expect RpPb < 1 for
all cases in Fig. 10(a), not just at pT > 2 GeV. It is
not surprising, however, given the x range, that RpPb
is independent of yp since the EPS09 NLO gluon nPDF
ratio is flat for x < 0.001. The factorization scale is also
important for the nPDF ratio because the QCD scale
evolution reduces the shadowing effect at higher pT as
well. In addition, the average pair mass, which should be
considered when calculating x instead of the transverse
mass of a single b quark, is ∼ 15 GeV for pT > 2 GeV
and ∼ 23 GeV for pT > 7 GeV.
One should also keep in mind that the minimum pT
represents the minimum of the pT integration range and
thus includes contributions from all higher pT . The av-
erage pT for a single b quark is ∼ 4 GeV and decreases
slowly with pT so that larger pT values still give a sub-
stantial contribution to the integrals. As already men-
tioned, the average pair mass is a better quantity to
use in the estimate of x in the LHCb kinematics. Es-
pecially at higher minimum pT , there are still significant
contributions to the pair mass even for M > 30 GeV
(see Fig. 6(d)) where shadowing is considerably reduced.
Thus, as the minimum pT is increased in Fig. 10(a), the
ratio increases from ∼ 0.96 at pT > 2 GeV to 1.2 for
pT > 7 GeV.
Note also that for cc production, no significant shad-
owing effects are seen at pT greater than a few GeV at
similar energies, see Ref. [1]. In fact, if one considered
J/ψJ/ψ pairs for the same minimum pT , it would not be
unreasonable to expect RpPb to be even higher because
the pT of the parent b mesons is generally higher, see
9Fig. 5.
When the average kT broadening is effectively doubled,
as in Fig. 10(b), the ratios are still relatively independent
of yp but the values of RpPb increase by a few percent
relative to calculations with shadowing alone. A large
effect is not expected because, even for a doubling of the
kT kick, 〈k2T 〉 = 5 GeV2 in this case, mT is still larger
than 〈k2T 〉1/2 and, as seen in Ref. [1], changing the kT
kick does not have a large effect on the shape of the
single quark pT distributions. A much larger effect was
seen on the c and b quark pT distributions by changing
the fragmentation function [1].
Figure 10(c) shows the effect of shadowing alone on re-
sults from Pb+Pb collisions at 5 TeV. As noted earlier,
the x range probed is slightly higher even though the
factorization scale remains the same, due to the lower
energy. Now, however, the ratio RAA is always larger
than unity and is no longer independent of yp but shows
some structure. This is because one of the lead nuclei is
now also probing the nPDFs at higher x, x ≥ 0.01, and
moves through the antishadowing region as yp increases.
Due to the combination of nuclear effects from both tar-
gets, RAA > 1 for all values of the minimum pT because,
effectively, RAA(yp) = RpA(yp)×RpA(−yp) [40].
Perhaps the most intruiging result is seen in Fig. 10(d)
where the average kT kick is again doubled over that em-
ployed in p+Pb collisions, to 〈k2T 〉 ∼ 8.4 GeV2. (There
are, of course, some small variations in 〈k2T 〉 between 5
and 8.16 TeV due to the energy dependence assumed for
〈k2T 〉, given in Eq. (2).) If that was the only effect as-
sumed for Pb+Pb collisions, one would have expected the
RAA to be similar to, but higher than, those in Fig. 10(b).
Instead the ratios are now effectively on top of each other
at yp ∼ 2.5 with some separation seen at yp ∼ 4.5. In-
deed, the ratio with the highest minimum pT is now low-
est at the largest yp. This is because, in addition to the
kT broadening, an effective energy loss has been intro-
duced by changing the Peterson fragmentation function
parameter from the value determined in Ref. [1], to agree
with the FONLL b meson pT distribution, to the e
+e−
default value, ǫP = 0.006. As discussed in Ref. [1], this
is an effective reduction in the average fraction of mo-
mentum transfered from the quark to the meson, from
∼ 93% with ǫP = 0.0004 to ∼ 83% for ǫP = 0.006. Note
that this is in no way intended to replace a real energy
loss calculation but is rather intended to illustrate the
possible effect on RAA for correlated observables.
The effect of kT broadening is to increase the average
pT , as in Fig. 10(b), while increasing ǫP decreases it.
Because even such a large 〈k2T 〉 is still smaller than the
lowest m2T with a minimum pT of 2 GeV, the effect of
fragmentation is more important for RAA as a function
of yp. The single quark pT distribution with ǫP = 0.006
is more steeply falling with pT than can be compensated
by an increased kT broadening. This is even more evident
at higher pT where the larger ǫP reduces the fraction of
cross section in the pT range significantly, see the single
pT distributions in Ref. [1]. The reduced cross section
due to the change in ǫP results in the calculated RAA
collapsing on top of each other in Fig. 10(d).
The yp distributions are shown for p + p collisions at√
s = 7 TeV (blue); p+Pb at
√
s
NN
= 8.16 TeV (red);
and Pb+Pb collisions at
√
s
NN
= 5 TeV (black) for
pT > 2 and 7 GeV in Fig. 11, including all cold mat-
ter effects. As one might expect from the discussion in
Sec. IV, the ∆y and yp distributions are unaffected by kT
broadening. Thus the yp distributions for p+p and p+Pb
collisions are the same shape. However, the Pb+Pb dis-
tribution is clearly shifted backward to lower yp, a small
but visible effect that increases with minimum pT . This
is due to the change in ǫP . The steeper pT distributions
with the higher value of ǫP mean that fewer b quarks may
be found at higher rapidity, especially for higher values
of the minimum pT , reducing the average yp in Pb+Pb
collisions relative to the other cases.
B. Modifications of |∆φ|
Figure 12, showing RpPb and RAA as a function of the
azimuthal separation between the b and b, tells a some-
what different story of enhanced nuclear effects. Note
that for shadowing only, both for p+Pb and Pb+Pb, a
similar pattern as for the yp ratios in Fig. 10(a) and (c) is
observed. However, the ratios are not entirely indepen-
dent of ∆φ in this case since some decrease in the ratio is
seen as ∆φ → π. A similar pattern was seen for cc pro-
duction at 5 TeV in Ref. [1] where the RpPb shadowing
ratios were independent of ∆φ with 〈k2T 〉 = 0 but showed
a slight decrease with increasing ∆φ for enhanced broad-
ening. The results shown for cc were, however, integrated
over all pT . Here, when the minimum pT is increased, the
change in slope at ∆φ→ π is somewhat sharpened. This
can be attributed to the narrowing and sharpening of the
peak in the ∆φ distribution with increasing pT , seen in
Fig. 1, while the enhancement at low ∆φ, ∆φ → 0, is
increasing more slowly.
The more striking effect is for p+Pb and, in particu-
lar, Pb+Pb collisions with enhanced kT broadening. As
shown in Fig. 13, the effect of broadening on the az-
imuthal distributions in p+Pb and Pb+Pb collisions re-
duces and broadens the peak at ∆φ ∼ π and enhances
the distribution at ∆φ ∼ 0. (The normalized distribu-
tions are shown. Recall that these distributions are the
same shape in p+p collisions so that the differences seen
in the figure arise only from the CNM effects.) Only the
results for the lowest and highest minimum pT values are
again shown to illustrate the effect.
The p+Pb ratios with enhanced kT broadening show a
kink that occurs at higher ∆φ with increasing minimum
pT . This can be understood from the ratios of increasing
〈k2T 〉 relative to the results with no broadening, 〈k2T 〉 = 0
in Ref. [1], showed a turn on of the effect at 〈k2T 〉 >
0, becoming increasingly isotropic as 〈k2T 〉 increases. As
shown in Ref. [1], the ∆φ distributions peak more sharply
at both ∆φ → π and ∆φ → 0. The effect at ∆φ = 0 is
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reduced in bb production relative to cc since it requires a
much harder gluon to balance a more massive bb pair than
the lighter cc pair. This change in relative height of the
peak for fixed 〈k2T 〉 and increasing minimum pT causes
the location of the kink in the ratio to increase from
∆φ ∼ 1.7 to 2.5 radians as the minimum pT increases
from 2 to 7 GeV. The increase in RpPb otherwise is of
the same origin as that for yp shown in Fig. 10.
The heirarchy is again reversed for Pb+Pb collisions,
shown in Fig. 12(d). The fragmentation function pa-
rameter has almost no effect on the shape of the ∆φ
distribution, as also shown in Ref. [1] when integrated
over all pT . However, it will change the number of bb
pairs with both quarks in the rapidity acceptance, as il-
lustrated in Fig. 11, producing the inverted hierarchy of
ratios seen here. Note that the larger kT kick assumed
for Pb+Pb collisions also result in the kink in RpPb seen
in Fig. 12(b), moving to lower ∆φ, now between 1.5 to
2.4 radians.
VIII. SUMMARY
The bb→ J/ψJ/ψ pair observables measured by LHCb
were studied in detail in an exclusive NLO calcula-
tion with fragmentation and kT broadening developed in
Ref. [1]. The calculations reproduced the data very well
in all cases and for all pT cuts. The sensitivity of the
results to the amount of kT broadening is shown and,
while the direct bb observables are indeed sensitive to
the kT broadening, the resulting J/ψ pairs are not since
the decays result in a decorrelation. The mass and scale
dependence has also been studied and shown not to be
large, as expected for bb production. Finally, we have
also shown the nuclear modification factors for enhanced
kT broadening and fragmentation function modification.
Here we have shown possible cold nuclear matter
effects in p+Pb and Pb+Pb collisions. They are not
intended to be definitive but illustrative only. The cal-
culations have demonstrated how effects like broadening
and energy loss could be disentangled by specific corre-
lated observables more sensitive to each. Although both
observables discussed are affected by the two effects, the
pair rapidity is more senstive to fragmentation which
causes the ratios with different minimum pT to become
similar while the azimuthal correlation depends most
strongly on the kT broadening, causing the ratios to
separate further with minimum pT . While we have
labeled and modeled the effects as being due to cold
nuclear matter, similar decorrelation, as produced by
enhanced kT broadening, could be due to hot matter
effects, as produced in the quark-gluon plasma [31]. A
thermal medium also results in heavy quark energy loss,
as modeled by the modified ǫP . These calculations thus
suggest additional correlated observables are required to
better quantify such effects, regardless of the medium.
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FIG. 7: (Color online) The difference in the bb and J/psiJ/ψ
pair results for 〈k2T 〉 = 0 and the default kT kick. The
〈k2T 〉 = 0 results are shown by the black curves (bb) and black
histograms (J/ψJ/ψ) and with the default kT kick by the
blue curves (bb) and red histograms (J/ψJ/ψ). Results are
shown for the azimuthal angle difference (a) and (b); pair
mass (c) and (d); pair transverse momentum (e) and (f); and
pT asymmetry (g) and (h). The results on the left-hand side
(a), (c), (e) and (g) are shown for pT > 2 GeV while those
on the right-hand side (b), (d), (f) and (h) are shown for
pT > 7 GeV. The LHCb data [15] are also shown.
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FIG. 8: (Color online) The mass and scale uncertainty bands
are shown for the bb pairs (blue curves) and J/ψJ/ψ pairs (red
curves) and compared to the LHCb data [15] for pT > 2 GeV.
The central values are given by the solid curves while the
limits on the uncertainties are shown by the dashed curves.
Results are given for the azimuthal difference (a); rapidity
difference (b); pair rapidity (c); pT asymmetry (d); pair pT
(e); and pair mass (f).
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FIG. 9: (Color online) The mass and scale uncertainty bands
are shown for the bb pairs (blue curves) and J/ψJ/ψ pairs (red
curves) and compared to the LHCb data [15] for pT > 7 GeV.
The central values are given by the solid curves while the
limits on the uncertainties are shown by the dashed curves.
Results are given for the azimuthal difference (a); rapidity
difference (b); pair rapidity (c); pT asymmetry (d); pair pT
(e); and pair mass (f).
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FIG. 10: (Color online) Cold nuclear matter effects on the bb
pair rapidity for pT > 2 (solid red), 3 (dashed blue), 5 (dot-
dashed green), and 7 GeV (dotted magenta) for (a) p+Pb col-
lisions at 8.16 TeV with central EPS09 only (b) RpPb at 8.16
TeV with EPS09 and additional kT broadening, (c) Pb+Pb
collisions at 5 TeV with central EPS09 only, and (d) RAA at
5 TeV with EPS09 and additional kT broadening.
FIG. 11: (Color online) The bb pair rapidity for pT > 2 (a)
and 7 GeV (b) for p+p collisions at 7 TeV (solid blue), p+Pb
collisions at 8.16 TeV (dashed red) and Pb+Pb collisions at
5 TeV (dot-dashed black). The p+Pb calculations include
shadowing and enhanced broadening (2∆) while the Pb+Pb
calculations include shadowing, broadening (4∆), and frag-
mentation function modification.
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FIG. 12: (Color online) Cold nuclear matter effects on the bb
azimuthal angle difference for pT > 2 (solid red), 3 (dashed
blue), 5 (dot-dashed green), and 7 GeV (dotted magenta) for
(a) p+Pb collisions at 8.16 TeV with central EPS09 only (b)
RpPb at 8.16 TeV with EPS09 and additional kT broadening,
(c) Pb+Pb collisions at 5 TeV with central EPS09 only, and
(d) RAA at 5 TeV with EPS09 and additional kT broadening.
FIG. 13: (Color online) The bb azimuthal separation for
pT > 2 (a) and 7 GeV (b) for p+ p collisions at 7 TeV (solid
blue), p+Pb collisions at 8.16 TeV (dashed red) and Pb+Pb
collisions at 5 TeV (dot-dashed black). The p+Pb calcula-
tions include shadowing and enhanced broadening (2∆) while
the Pb+Pb calculations include shadowing, broadening (4∆),
and fragmentation function modification.
